The sense of touch hinges on tissues transducing stimuli applied to the skin and somatosensory 10 neurons converting mechanical inputs into currents. Like mammalian Pacinian corpuscles, the 11 light-touch response of the prime model organism C. elegans adapts rapidly, and is symmetrically 12 activated by the onset and offset of a step indentation. Here, we propose a quantitative model 13 that combines transduction of stimuli across the skin and subsequent gating of mechanoelectrical 14 channels. For mechanics, we use an elastic model based on geometrically-nonlinear deformations of a 15 pressurized cylindrical shell. For gating, we build upon consequences of the dermal layer's thinness 16 and tangential stimuli. Our model demonstrates how the onset-offset symmetry arises from the 17 coupling of mechanics and adaptation, and accounts for experimental neural responses to a broad 18 variety of stimuli. Predicted effects of modifications in the mechanics or the internal pressure of the 19 body are tested against mechanical and neurophysiological experiments. 20 INTRODUCTION 21
, and the model (right) that we shall consider here : a cylinder of length L 1 mm and radius R + t/2 25µm is indented by a spherical bead (with radius 10µm unless stated otherwise), applied here at its center. R is the radius of the middle surface and t is the thickness of the shell. Only half of the cylinder is shown for clarity.
where τ = γ/k is the relaxation time, x is the extension of the filament, and ∆r c = u(r c ) was used. Eq. (5) drives x 140 to zero for Γ constant, which is the basis for adaptation. Eq. (5) is supplemented by the constraints exerted by the 141 neural membrane around the channel, which limit the motion in the vertical direction. The constraint can be written 142 as x ·ŵ 3 ≥ 0, where, for every channel,ŵ 1,2 span the plane locally tangential to the neural membrane whileŵ 3 143 indicates the orthogonal direction. Specifically (see also Appendix H), we define an orthonormal basisê i as follows :
144ê y is aligned with the local direction of the (deformed) axis of the cylinder running head-to-tail;ê z is orthogonal to 145 the neural membrane at the top of the TRN, and oriented outward;ê x is tangential to the neural membrane, along 
where R ij are the respective transition rates, and R c,o = R o,c = 0 again to minimize free parameters. The channels 156 are posited to work at equilibrium, so that its free energy is assumed intermediate between the closed and the open state in Eq. (8) 167 ∆G os = a∆G oc ; ∆G sc = (1 − a)∆G oc ,
with the only additional parameter 0 ≤ a ≤ 1.
168
The total current flowing along the TRN.
169
Ion channels are believed to be distributed in spots ("puncta") along the neural membrane [11] . Their distribution 170 is consistent with uniformity in the angular and longitudinal directions, while spacings between successive puncta are 171 distributed log-normally [30] . For simplicity, each punctum is assumed to contain a single channel.
172
The current along the TRN is the sum I = k i k of the currents of individual channels. Its mean is given by
and its variance is calculated similarly (see Appendix J). Here, i o and i s are the channel current in its open/subconducting the dependence of the deformation profile along the longitudinal coordinate vs p/E. Vertical deformation is strongest at the center of the indenting bead, and its longitudinal extension decreases with p/E. The best least squares fit yields p/E = 0.01. Fig. 2C shows how the estimate p 40kPa for the internal pressure was obtained : we fix the ratio p/E = 0.01, 200 predict the relation force-indentation as p varies, and make a best fit to the experimental data. The value p 40kPa 201 is consistent with the range 2-30 kPa estimated in the nematode Ascaris lumbricoides [25] . 202 The two above estimates yield for the Young's modulus E ∼ 4MPa, which is comparable to the 1.3MPa obtained 203 by measuring the bending stiffness of the nematode [36] . These values differ from prior estimates of 380MPa [24] 204 relied upon formulae of linear elasticity (valid for indentations t), which do not apply here. Having fixed the parameters of our model, we can now independently test it against data on the mechanical response 206 of C. elegans to changes in the external pressure [37] . The variation ∆V of the initial volume V 0 was found to depend 207 linearly on the variation of the external pressure ∆p, and the resulting bulk modulus κ = ∆p ∆V V 0 = 140 ± 20kPa.
208
Performing the same operations in our simulations, we obtained estimated values of κ = 150−230kPa. This agreement 209 is quite significant as we derived κ, a global mechanical property, by using parameters inferred from local indentation 210 measurements. Black arrows indicate the total displacements for the on-currents in the following panels (colors match). Green arrows indicate relative displacements. Experimental stimuli and neural responses from ALM neurons were obtained as detailed in Materials and Methods. We recorded from 11 separate worms with 3 − 11 presentations of each stimulus per recording. Recordings were only included if they met the criteria outlined in the Data Analysis section of the experimental methods, which led to a final number number of biological replicates per displacement point that varied from 5 to 11. Representative traces shown here are from one biological replicate. (B) The on-current vs the total displacement (the pre-indentation for the purple points is 5µm). (C) Off-currents are statistically indistinguishable, as expected since off-jumps are identical and adaptation erased the memory of the pre-step. (D) The on-current vs the relative displacements. Note the stronger response for pre-indented stimuli. (E) Changes in the profile of deformation : ∆z is the difference between the deformations after and before the (relative) stimuli. Note the greater extension for the pre-indented case, which is the reason underlying results in panel D. Open circles in panels B-D were normalized to the maximal currents detected and show the mean ± s.e.m..
To further analyze the effects of the dissection procedure, Fig. 5B shows the longitudinal profiles of vertical deforma-265 tion for soft and stiff worms. The point is that the curves differ much less when displacement is clamped, rather than 266 force. That is translated into predictions for currents as follows. We assume that the dissection procedure does not 267 affect the channels and calculate their respective currents as described previously. Specifically, we fix the distribution 268 of the channels, change p to the value corresponding to soft or stiff worms, and compute the neural response to force 269 or displacement-clamped stimuli. Results are shown in Fig. 5C : responses for force-clamped stimuli widely differ for 270 soft and stiff animals, yet they are similar for displacement-clamped stimuli. In sum, empirical observations reported 271 in [19] are explained by the mechanics of the nematode and its coupling to neural activation.
272
Finally, we address the variability in Fig. 5C among soft worms, which we tentatively related to p varying over three 273 orders of magnitude. For further support, we tested whether the observed variability could indeed be reproduced by 274 keeping all parameters fixed but p. Results in Fig. 5D show that the peak current increases systematically with p for The vertical deformation profiles uz vs the position y along the longitudinal axis for stiff (red) and soft (blue) animals. Note the widely differing profiles for the force-clamped curves. (C) Experimental (dots) and theoretical (mean value as continuous lines) peak current for force (top) and displacement-clamped (bottom) stimuli. The current is normalized by the mean peak in soft and stiff worms, respectively. (D) Peak current vs the pressure p, which shows that the model (continuous lines are the mean; dot-dashed lines are above/below one standard deviation) captures experimental trends (dots). Experimental data reproduced from Ref. [19] and derived from 4 and 21 recordings in the stiff (red) and soft (blue) conditions, respectively.
RESULTS (ADDITIONAL MODEL PREDICTIONS)

281
In addition to the above predictions that could be tested against existing experimental data, our model yields 282 additional results, which we present hereafter.
283
Shell bending is weak compared to stretching ; stiffness is dominated by internal pressure.
284
The mechanics of pressurized shells relies on the balance between the internal pressure p, bending and stretching 285 of the shell. Contrasting results have left undecided the previous balance for C. elegans [24, 37] . Here, we exploit our 286 model to clarify this issue. 287 We computed the vertical deformation for different values of p/E and t, as previously done for the validation of the 288 mechanical model. The longitudinal extension is quantified by the distance y h for the deformation to reduce to half of 289 its maximum value (at the center of the bead). Fig. 6 shows that y h decreases, i.e. the deformation is more localized, 290 when p/E increases. Conversely, as t reduces, the deformation is wider if p/E 10 −4 and narrower if p/E 10 −4 .
291
To gain insight regarding the consequences of Fig. 6 , we can use the thin-shell limit of Eqs. (2) in Appendix D.
292
Reducing the limit equation to non-dimensional form as previously done for spheres [29] , we find that the bending 293 term is multiplied by the factor 1/τ 2 ≡ E 2 t 4 /p 2 R 4 . If τ 1, the bending term is small, and (with the possible 294 exception of boundary layer regions) the only remaining dependence on t is via the stiffness S ≡ Et. These arguments for experiments. We conclude that internal pressure and stretching of the shell provide the dominant balance.
297
We next compared the elastic energy of the shell with the work by the external forces. Results in Fig. 6C show that 298 their ratio reduces as p/E increases, and the elastic energy tends to become marginal, which illustrates the dominance 299 of the internal pressure in the body stiffness. For shells with p = 0, the curves collapse onto a unique curve (black dots). (C) The ratio F (w0)/Fmax of the force normalized by its maximum value is essentially independent of R b . (D) The peak current increases with R b in a p-dependent manner (the same holds for the sensitivity to the stimulus). The current is normalized by its value for R b = 5µm.
of the internal pressure −pdV (the elastic energy is small, as discussed previously) and the force-indentation relation 313 is then given by F ∝ −p dV /dw 0 .
314
Qualitatively, larger dV 's associated with larger beads yield the nonlinear dependence in Fig. 7B . Quantitatively, 315 we write F = pχ, where χ = −dV /dw 0 has the dimension of a length squared and depends on w 0 , the shell and 316 bead radii R, R b , and the ratio p/E. Keeping the latter fixed, we investigated numerically the behavior of χ and 317 observed that the ratio F (w 0 )/F max does not depend on R b (see Fig. 7C ). It follows that the dependence on R b 318 should factorize out :
brings the length squared dimensionality and, in the limit of small R b and large p, behaves as R w 0 [42] . It follows 320 that G 2 = Rw 0 G 3 (w 0 /R). The functions G 3 and G 1 are empirically extracted from simulations as : (9)) for the stimulus in panel A. The panels refer to the different directions of the elastic filament (the first two are tangential and the third orthogonal to the neural membrane). (D) Gating probability for an individual symmetric or directional channel, as produced by the two tangential extensions in panel C. Parameters are : y = 1µm, θ = 0, v = cos(π/3)ŵ1 − sin(π/3)ŵ2.The sketch on the right illustrates that directional channels respond only to stimuli properly aligned with respect to their preferential direction while symmetric channels respond isotropically.
optimize parameters and calculate the errors in the fits of the experimental datasets : the probability distribution for 358 Eq. (13) is broader and shifted to higher errors with respect to the isotropic model (see Fig. 9B ). Similar conclusions 359 hold if i 0 is allowed to vary ( Fig. 9C ).
360
In sum, the analysis of available experimental data favors symmetric channels, but is not fully conclusive. New 361 data will be needed, which is our motivation to describe hereafter two possible experiments.
362
A first approach relies on the noise level of currents. The intuition is that anisotropy reduces (for a given density that ∼ 100 trials suffice for their reliable measurement.
369
A second alternative exploits the architecture of C. elegans neurons : TRNs extend longitudinally for about half 370 of the nematode's length, leaving a region around its center that is relatively insensitive to touch (see [43] ). be important to design the set-up of future experiments so as to make that information available.
391
A by-product of our analysis is that it provides insight on two points related to the mechanics of the worm.
392
First, our results reconciled conflicting results [24, 37] on mechanical properties in wild type and mutants. Specif-393 ically, we showed that the mechanical response of the nematode is captured by an elastic cylindrical thin shell in a 394 pressure-dominated regime. The theory makes testable predictions on the dependence of the force-indentation relation 395 on the indenter size, as well as the effects of mutations in the cuticle on the bulk modulus. An experimental verification 396 of those predictions would further support the major role of internal pressure in C. elegans body mechanics. 
where x = r cos(θ), z = r sin(θ); non-diagonal terms of σ vanish due to the symmetry of the problem. Boundary 
where R in = R − t/2 and R out = R + t/2. The condition of zero longitudinal stress at the two ends of the cylinder is 616 motivated by the results in Appendix G.
617
The third line of Eq. (B1) and the boundary conditions imply σ yy = 0 along the shell. By using the constitutive 618 Hookean relations between stress and strain tensor in the main text, we obtain
For small deformations, the diagonal components of the strain tensor (see Eq.
(1) in the main text) are given by
Due to the geometry of the problem ∂u θ /∂θ = 0; by using Eqs. (B1), (B3) and (B4) we find the following equation 621 for the radial deformation
whose general solution is u r = a/r + br. Using the boundary conditions we obtain
It follows from the solution (B6) that the relative change in radius, thickness and length, in the limit t/R 1, are 624 given by
(B8) Fig. 1 demonstrates good agreement of these predictions with numerical simulations for small values of p/E. The 626 corresponding expressions for the change in the volume V = πL (R + t/2) 2 of the cylinder and its bulk modulus read
As p/E increases, nonlinear behaviors beyond the linear description of Eqs. (B1) and (B4) become important. An 628 analytical description of the corresponding deformations would require to take into account nonlinear terms in the 629 original Eqs. (1) and (2) of the main text.
630
For our purpose here, the following empirical approach will suffice. The linear solutions (B8) depend on two 631 dimensionless small parameters : pR/Et and t/R. In fact, Eq. (B8) has t/R appearing only multiplied by pR/Et ; 632 that makes its contribution small, and implies that the functions depends on pR/Et only, at the dominant order. 
where α R = −0.6182, α t = −0.0626, α L = 0.0479. Finally, by using the relations (B10), we obtain the volume V and the bulk modulus k of the cylinder as a function of p/E, as shown in Fig. 1G ,H.
In the main text, we studied the mechanical properties of C. elegans body as a function of the pressure parameter 642 p, i.e. the difference between the internal and the external atmospheric pressure P atm , neglecting the latter. This
To gain insight, we first adapted the calculation in Appendix B to the case where atmospheric pressure P atm is 645 considered. The equations are not modified yet the boundary conditions on the internal and external surface of the 646 shell become 647 P in = P atm + p , P out = P atm .
By following the same procedure detailed in the previous Section B, we obtain that the radial deformation of a 648 pressurized shells is given by
Eq. (C2) suggests that effects of atmospheric pressure on the mechanical response of the shell are negligible as long as 650 P atm t/pR 1. To test this hypothesis, we simulated indentation experiments with and without atmospheric pressure 651 for different values of p; results are shown in Fig. 1 . As expected, for p/E ≈ 10 −2 , both the force indentation relation Appendix D: The thin shell limit 663
In the limit when the shell is thin and the surface is shallow, the 3D elasticity Eqs.
(2) reduce to [21, 22] : Appendix C, Figure 2 . Effect of atmospheric pressure on neural response. Neural responses of the model presented in the main text to the experimental stimuli in Fig. 3 of the main text. Green curves are experimental data (as in Fig. 3 of the main text); purple and black curves are model predictions with and without atmospheric pressure, respectively. The ratio p/E is 7‰ of the value for stiff worms.
which is the limit equation that was used in the main text for analyzing the energetic balance between bending, 665 stretching and internal pressure. The brackets in (D1) are defined as we chose the axes so that the plane z = 0 is tangent to the top of the cylinder. The Airy stress function φ is the scalar 669 function that parametrizes the in-plane components of the stress tensor as σ xx = ∂ 2 yy φ, σ yy = ∂ 2 xx φ and σ xy = −∂ 2 xy φ.
670
The above simplifications are due to the thinness of the shell and the resulting small vertical components of σ.
671
The parameters B = Et 3 /12(1 − ν 2 ) and S = Et are the bending and stretching stiffness, respectively. Finally, p 672 and F are the internal pressure and the external force applied by the indenter. In the limit R → ∞, the ∇ 2 k term is 673 negligible, and Eqs. (D1) reduce to the Föppl-von Karman equations for a thin plate [21, 22] .
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Appendix E: Validation of the numerical scheme used to determine the mechanical response 675
In the main text, we described the mechanics of the nematode as an elastic cylindrical shell under pressure.
676
Because of the geometrical nonlinearities involved, numerical simulations are the main tool available for determining 677 the resulting mechanical response. The goal of this Appendix it to give more details on the tests that we employed to 678 validate the numerical procedure discussed in the main text. Tests rely on elasticity problems that were previously 
where q is the applied load, x and θ are the cylindrical longitudinal and angular coordinates, w is the radial displace-687 ment and
By "equal and opposite concentrated radial loads", it is meant that two equal, spatially localized forces are applied 689 at (x, θ) = (0, 0) and (x, θ) = (0, π).
690
The solution to the above problem was obtained [28] by writing q(x, θ) as
and solving Eq. (E1) order by order in n. The resulting deformation profile reads [28] :
The force-indentation relation is obtained from Eq. (E4) by determining the deformation w at either one of the loading 693 points, i.e. w(0, 0) in the above formulae, as a function of F . An example of the force-indentation relation and the 694 deformation profile predicted by Eq. (E4) are shown in Fig. 1 .
695
By using the numerical approach described in the main text, we determined the mechanical response of a thin 696 cylindrical shell, and compared it to the above solution. Note that we are solving directly the equations of three-697 dimensional elasticity, at variance with the simplified set of equations in [28] . Results for different mesh sizes are 698 shown in Fig. 1 : the deformation profile is indeed captured by our code, even with a relatively coarse mesh ; a finer 699 mesh is needed to capture quantitatively the force-indentation relation. The agreement improves as the numerical mesh becomes finer (the mesh length is t (blue), t/2 (green), t/3 (red), where t is the thickness of the shell). Parameters of the simulations are: t/R = 10 −2 , t = 1µm, E = 1 MPa, ν = 0.3. 
Large indentation of spherical shell
Here, r indicates the distance in the plane orthogonal to the indentation point, p is the internal pressure, w(r) is the 704 deformation field, and ψ is related to the components of the stress tensor as σ θθ = ψ and σ rr = ψ/r. The nonlinear 705 term in Eq. (E6) is due to geometrical nonlinearities generated by large deformations. Boundary conditions are:
where the prime denotes differentiation with respect to r.
707
A test of our numerical scheme is provided by the comparison of its results for a thin spherical shell to the solution of The deformation profile for p/E = 10 −6 (blue), 10 −5 (green), 10 −4 (red). Black lines and colored dots correspond to the solutions of Eq. (E6) and the results by our code, respectively. Note that, as for a pressurized cylinder (see main text), the deformation profile narrows as p increases. Parameters of the simulations are : E = 1 MPa, ν = 0.3, t/R = 10 −3 , t = 1µm.
Appendix F: How the gluing of the nematode onto the plate influences its mechanical response 712 Standard touch sensation experiments have the nematode glued onto a plate. As mentioned in the main text, the 713 displacement of its body is strongly limited at locations where the glue is applied. This Appendix will analyze the 714 effect of the gluing onto mechanical responses. 715 We consider the limiting case where only the line of contact with the plate is glued, i.e. the limit opposite to the 716 one considered in the main text. There, the entire lower half of the body was glued, which was motivated by the 717 experiments reported in the paper. In our model, the south pole of the cylinder corresponds to the line of contact 718 with the plate in the absence of indentation. Fig. 1 shows the corresponding response of the shell to indentation.
719
It is of interest that the stiffness in Fig. 1A is smaller for the south-pole gluing, even though its longitudinal 720 deformation is more extended than for the lower-half gluing, as visible in Fig. 1B . That is accounted by the deformation 721 along the orthogonal direction, which expands in the entire lower half of the body (see Fig. 1C ). That deformation is 722 forbidden for the lower-half gluing, which is the reason for the increased stiffness. Generally, the stiffness is expected 723 to decrease as we reduce the region where the nematode is glued to the plate, which could be verified experimentally. A convenient orthonormal basisê i to analyze the dynamics of the channels is defined as follows :ê y is aligned with 757 the local direction of the (deformed) axis of the cylinder running head-to-tail;ê z is orthogonal to the neural membrane 758 at the top of the TRN, and oriented outward;ê x is tangential to the neural membrane, along the remaining direction 759 of a right-handed system.
760
For every channel, we define a local baseŵ i such thatŵ 1,2 span the plane locally tangential to the neural membrane analysis to the case where the channels are not equivalent. That can be the case either because they are not identical 780 or, as it the case here, because their stimulation differs due to their location with respect to the stimulation. We also 781 calculate the scaling of the level of fluctuations expected in a finite sample of N measurements.
782
We start by deriving the expression of the mean and variance of the neural current from the statistics of the single 783 channels. The total ion current I through the neuron is the sum I = 
Assuming that the gatings of the channels are independent random variables, we obtain
In the main text we suggested that the variance of the current could be used to study experimentally the microscopic 790 properties of ionic channels. Since the variance should be inferred from a finite sample, we want to quantify the 791 scaling of fluctuations in the sample variance with the number of measurements. Given N measurements I n of the 792 TRN current, the sample mean m 1 and sample variance m 2 are defined as
The expected sample variance and its variance are [33, 34] : 
To determine the relation between the moments µ 2 (I), µ 4 (I), . . . of the total current I and the statistics of the 795 single-channel currents, it is convenient to use cumulants and the cumulant-generating function of I, defined as 796 Q I (t) = log exp (tI) [35] . Its advantage is that the function is additive :
where we have exploited independence among the i k 's. Since the cumulant q n (I) of order n (see [35] ) is q n (I) ≡ 798 d n dt n Q I (t) t=0 , Eq. (J6) implies the additivity q n (I) = k q n (i k ) of the cumulants.
799
The cumulants q n (i k ) are calculated using the fact that the channels obey a generalized Bernoulli distribution :
whence we obtain
The derivation is completed by relating the central moments µ(I) to its cumulants via standard formulae[35], e.g.
802
µ 2 (I) = q 2 (I) , µ 4 (I) = q 4 (I) + 3 (q 2 (I)) 2 , . . . ,
by expressing q n (I) as k q n (i k ), and finally using Eqs. (J8). Figure 1 . Changes in the mechanics caused by mutations of proteins in the cuticle. Mutations are modeled via changes of the stretching stiffness S with respect to the wild type Swt. (A) As S increases, the geometry of the pressurized cylinder modifies: its length L increases and its radius R decreases. (B) As S increases, the bulk modulus k (blue) and the stiffness f (red) of the force-indentation relation increase. (C-D) Our theoretical predictions and experimental measurements [24, 37] for f and k vs R. Since the radius of the mutants was not reported in [37] , we used values in [24] . The upshot is that lon-2 mutants should have a bulk modulus significantly different than the wild type.
Appendix L: Inference of the model parameters 837
The amplitude of Γ(0), which controls the scale of the elongation in Eq. (5), is set to unity by redefining the 838 parameters g h and g s in Eq. (8). As for the rates R, a parsimonious form that respects Eqs. (7) and (10) is 839 R sc = r cs e (1+b)(1−a)β∆Goc ; R cs = r cs e b(1−a)β∆Goc ;
R os = r so e (1+d)aβ∆Goc ; R so = r so e daβ∆Goc .
Here, r cs (r so ) controls the rate of the transitions between the closed and the subconductance states (the subconduc-
840
tance and the open states) and the parameters b, d ∈ [−1, 0] control their global shift with respect to variations of the 841 free-energy difference. Parameters are inferred from experimental curves by using the MATLAB optimization func-842 tion "lsqcurvefit", based on the least-squares distance between the predicted and the observed current profiles. For 843 every realization of the quenched disorders (distribution of the channels and the initial direction of their filaments), 844 we obtain the best parameters, which are then averaged. Their means are τ = 1.4ms; g h = 1.4 10 −3 ; g s /g h = 0.09; 845 r cs = 1/69.5ms; b = −0.75; r so = 1/18ms; d = −0.56; a = 0.50; i s /i 0 = 0.71.
846
Appendix M: Dependence of neural responses on the properties of elastic filaments 847 This Appendix will investigate the dependence of the TRN neural response on the interaction between the channels 848 and the surrounding medium, which we have embodied here into an elastic filament. In our model, those interactions 849 are described by two parameters: the elastic constant k of the filament, and its friction coefficient γ with the medium.
850
The neural response depends on the ratio τ = γ/k, which appears in Eq. (5) of the main text.
851
To understand the effects of τ , we computed the TRN current predicted by our model in response to a step of 852 fixed amplitude as a function of τ , keeping fixed all other parameters detailed in the main text. Fig. 1 shows the 853 peak current and the decay time, i.e. the time for the current to reach half of its peak value, both averaged over the 854 statistical realizations of the distributions for the channels. Both the peak current and the decay time increase with 855 τ : filaments relax more slowly, which provides a stimulus on the associated channel that lasts longer and thereby 856 allows for a higher current. Appendix M, Figure 2 . Dependence of the neural response on the geometry of the filaments. The error for the profiles of stimulation in Fig. 3 of the main text. The black histogram is built from individual realizations for the unconstrained model discussed in the main text. The purple and the blue curves refer to the corresponding histograms for filaments initially or permanently restricted to be tangential to the neural membrane.
